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Abstract
The global stressors of ocean warming and acidification, as well as local stressors such as
eutrophication, overfishing, and coastal construction, have all contributed to the severe decline in
coral populations worldwide. Recovery of coral reefs depends partly on recruitment, which relies
on the response of larvae to settlement cues indicative of habitat quality; however, it remains
unclear whether recruitment in disturbed areas will be compromised. Specifically, as reefs
become more disturbed and dominated by macroalgae, it is important to understand larval
behavior in response to changes in habitat quality. In this study, we first assessed the settlement
success of newly released Agaricia agaricites larvae in response to several settlement cues,
including temperature and water movement. Then, to test the Desperate Larva Hypothesis, the
ability of larvae of different ages (0-7 days) to settle and discriminate between inducing and
inhibitory settlement cues was assessed. Newly released larvae displayed a stronger preference
for settling on crustose coralline algae (93%) than on ceramic plates in macroalgae- (30%) or
conspecific-treated seawater (5%), or filtered seawater (13%) (control). Older larvae became
progressively less discriminatory of settlement cues, settling even in response to inhibitory cues.
This confirms that, although the absence of good settlement cues initially deters settlement,
larvae become desperate as they become older and settle even on unfavorable substrates, thus
contributing to recruitment in poor quality habitats.
Keywords: coral, larvae, recruitment, settlement, metamorphosis, desperate larva hypothesis,
settlement cues, larval age
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Introduction
Coral reefs provide extensive ecosystem services and goods that are crucial to coastal
ecosystems and to human populations (Moberg and Folke 1999). They provide seafood and the
hard structures that buffer the coast from wave action and storm damage (Craik et al. 1990;
Birkeland 1997), and they serve as important biological links to adjacent ecosystems such as
mangroves and seagrass beds (Ogden and Gladfelter 1983). Reef assets have an estimated annual
value of US $1 trillion (Hoegh-Guldberg et al. 2015), with their global value in the tourism
sector alone at an estimated US $36 billion per year (Spalding et al. 2017). However, coral cover
has declined worldwide over the last few decades (Gardner et al. 2003; Bruno and Selig 2007;
Hoegh-Guldberg et al. 2007; De’ath et al. 2012; Madin and Madin 2015) due to accelerated rates
of ocean warming and acidification (Raven et al. 2005; IPCC 2015), as well as local threats of
overfishing, watershed and marine pollution, and coastal development (Hughes 1994; Burke et
al. 2011). Despite the increased frequency of anthropogenic and natural disturbances, it is
possible for coral reefs to recover.

A key mechanism that allows corals to recover following disturbances and will permit
them to persist into the future is recruitment of new corals to replace lost colonies (Vermeij and
Sandin 2008). Coral larvae disperse in the water column until they become competent to settle,
i.e., able to sense and respond to physical, biological and chemical cues in the environment that
indicate the suitability of the substrate for permanent attachment. Settlement is a series of
behavioral responses involving larval exploration, inspection, attachment, and eventual transition
to a sessile, benthic existence. Ideally, larvae settle on a site that maximizes their chances of
surviving, growing, and reproducing. Crustose coralline algae and its associated bacterial
biofilms are widely known as positive indicators of suitable substrate for coral larvae and other
marine invertebrates (Hadfield and Paul 2001; Ritson-Williams et al. 2010). Adult presence
(Vermeij and Sandin 2008; Lee et al. 2009), physical structure and surface complexity (Whalan
et al. 2015), light intensity and spectral quality (Mundy and Babcock 1998), water motion and
flow (Abelson and Denny 1987; Harii and Kayanne 2002), pressure (Stake and Sammarco 2003),
and temperature (Nozawa and Harrison 2007), also influence larval behaviors and settlement
patterns. Once settled, a coral larva metamorphoses into a polyp (recruit), secretes a hard,
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calcareous skeleton, and, in the case of most reef-dwelling stony corals, grows into a multiplepolyp colony. However, as local and global disturbances continue to transform coral reef
landscapes, the absence of inducing settlement cues may cause larvae to delay settlement and
even prevent recruitment.

In the absence of an optimal cue, larvae may delay settlement (Graham et al. 2013) and
eventually lose the ability to discriminate among settlement cues and so settle on a poor habitat,
or even die without settling. Settlement inhibition has been observed in several coral species in
response to increases in carbon dioxide concentrations (Webster et al. 2015), sedimentation and
turbidity (Babcock and Smith 2002; Fabricius 2005; Perez et al. 2014), ultraviolet radiation
(Kuffner 2001; Gleason et al. 2006), and macroalgal cover (Kuffner et al. 2006; Vermeij et al.
2009). Coral larvae are lecithotrophic, i.e., they rely exclusively on maternally-derived energy
reserves. Delaying settlement for a prolonged period can deplete their maternal reserves.
Deprived of energy, larvae may become ‘desperate’; their ability to discriminate between
inducing and inhibitory cues diminishes, and they may settle in poor-quality habitat (‘Desperate
Larva Hypothesis’). Alternatively, they may die in the water column (‘Death Before Dishonor
Hypothesis’) (Bishop et al. 2006). The Desperate Larva Hypothesis has been confirmed in
various marine invertebrates, including bryozoans (Gribben and Steinberg 2006), gastropods
(Botello and Krug 2006), and echinoderms (Swanson et al. 2007); older larvae reduced their
discrimination towards substrates on which they settled, even under suboptimal conditions.
However, no studies have determined if coral larvae exhibit Desperate Larva Hypothesis
behavior.

Delayed settlement or poor site selection, or both, could have long-term effects on
survival. Delaying settlement could increase larval dispersal distances, increasing connectivity
between distant populations (Pechenik et al. 1998). However, prolonged dispersal could lead to a
potential phenotype-environment mismatch, in which larvae recruit to a new environment that is
not conducive to their survival, because they do not possess traits adapted for that environment
(DeWitt et al. 1998; Marshall et al. 2010). Low energy reserves associated with delayed
settlement produce latent effects in the post-settlement phase, e.g., reduced growth and survival
(Marshall et al. 2003; Burgess et al. 2012), and fitness (Pechenik et al. 1998; Stamps et al. 2005;
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Graham et al. 2013). Settling on a poor-quality habitat may substantially decrease chances of
survival and growth to maturity with reproduction, which could reduce population connectivity.

The objective of this study was to assess the settlement success of newly-released larvae
of the coral Agaricia agaricites in response to biological, chemical, and physical cues. The
Desperate Larva Hypothesis was also tested via assessment of the ability of larvae of different
ages (0-7 days) to settle and discriminate between inducing and inhibitory settlement cues.
Methods

Study Species
Agaricia agaricites is an abundant scleractinian coral in Florida, the Bahamas, and the
Caribbean. It occurs over a depth range of 1-70 m and grows to 60 cm in diameter (Van Moorsel
1983; Humann and Deloach 2002). It forms encrusting, plate-like, or irregular colonies, the latter
often with upright leaf- or fan-like lobes (Helmuth and Sebens 1993). Colony structure is
meandroid with sharp ridge-like collines and some isolated corallites (Wells 1973). As a
hermaphroditic brooder, A. agaricites releases fully developed planulae that are immediately
competent to transition into sessile polyps within a few hours (Fadlallah 1983). Larval release
generally occurs a few days prior to the full moon during spring and summer months, with peaks
in April and May (Van Moorsel 1983). Despite disturbances along the Southeast Florida Reef
Tract, this species is highly abundant and resilient, with some authors considering it a ‘weedy
species (Jones et al. 2016; Walton et al. 2018).

Coral Collection and Larval Release
Twenty healthy adult Agaricia agaricites colonies (~15 cm in diameter each) were
collected1 via SCUBA from an offshore reef in Broward County, Florida (26 9.120’N, -80
5.340’ W; 26 8.872’N, -80 5.916’ W), approximately one week prior to the full moon in May
2019. After removal with a hammer and chisel, colonies were transported to the NSU
Oceanographic Center in coolers filled with seawater from the collection site. Colonies were then

1

All Agaricia agaricites colonies were collected under permit SAL-17-1902-SRP provided by the Florida Fish and
Wildlife Conservation Commission
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placed in large, outdoor recirculating tanks equipped with biological and chemical filtration,
heaters, chillers, and a shade cloth that together mimicked water quality, temperature and light
conditions on the natural reef during the season of collection. Each night, tank water volume was
lowered to function as a water bath, and the corals were placed into individual bowls. Water
recirculated through the tank and trickled individually into each bowl overflowing its spout into a
partly submerged sieve, where larvae would be collected if released (Figure 1). Every morning
before sunrise, approximately 0600 hours EST, adult colonies were observed for release of
planulae, which began on the morning of May 14 and ended on May 19. Approximately 1,350
total larvae were collected over these five days. Each day, any released larvae were transported
by water flow into the sieve and combined from all releasing colonies into a large, polystyrene
bowl containing fresh filtered seawater, from which they were pooled for even distribution
among treatments via pipette transfer.

Figure 1. Top left: Agaricia agaricites colony. Top right: adult A. agaricites in larval collection apparatus. Bottom left:
magnified view of newly-released A. agaricites planula. Bottom right: newly-settled A. agaricites recruit.
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Experimental Design
Temperature
To determine the effect of temperature on settlement success, newly-released larvae were
exposed to ambient temperatures of 29°C and 32°C (treatments), and 26°C (control). The threeand six-degree elevations reflect predicted increases in sea surface temperature for the years
2050 and 2100 associated with global climate change (IPCC 2015). Five 100-mL jars each
containing 75 mL of filtered seawater (35 ppt, 8.2 pH), ten Agaricia agaricites larvae, and a nonconditioned ceramic tile per treatment were placed in 150-L Nalgene tanks equipped with heaters
to maintain desired water temperatures and lights set to 15 µmol photons m-2 s-1. After 24-hour
exposure to a treatment, tiles were removed and observed under a dissecting microscope, and the
number of planulae settled on the top, bottom, and side of each tile, as well as settlement on the
glass jar, was counted and used to calculate percent settlement. In addition to settlement, larvae
that metamorphosed on the tile, glass, or in the water column were also counted, together with
swimming and ‘expired’ larvae. Larvae were considered “settled” if temporarily attached to
substrate, while “metamorphosed” larvae were identified as those permanently attached and
morphed into single polyps (Figure 1). “Swimming” larvae were identified as those actively
swimming in the water column. “Expired” larvae were defined as those that exhibited a lysed
membrane or other signs of mortality, e.g. lack of ciliary activity.

Water Movement
The literature on the effects of water movement on settlement of other marine invertebrate
larvae has documented species-specific responses (Mullineaux and Garland, 1993; Judge and
Craig, 1997; Qian et al. 1999, 2000). To determine if water movement promoted or prevented
settlement in a coral species, larvae were placed into either still jars or into jars subject to water
movement generated by a Talboy’s Standard Analog 1000 Orbital Shaker set at a speed of 170
RPM (rotations per minute), with a corresponding velocity of approximately 0.534 m s -1. Both
treatments contained a ceramic tile coated with crushed crustose coralline algae (CCA) to induce
settlement. Ten larvae were used per replicate with a total of 5 replicates per treatment. Settlement
success was assessed as described above.
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Desperate Larva Hypothesis
To determine if settlement discrimination decreased with larval age, four age classes of
larvae (0, 1, 3, and 7 days old) were exposed to one of the following cues: crustose coralline
algae (CCA), adult-treated seawater, macroalgae-treated seawater, and for control, filtered
seawater (FSW). Since the previous experiment indicated that larvae suspended in the water
column by water movement for an extended period of time do not exhibit differential responses
to cue exposure, to create the age classes (1, 3, and 7 days old), newly-released larvae were
transferred to 300-mL glass jars at a density of <1 larva mL-1 and shaken continuously on an
Talboy’s Standard Analog 1000 Orbital Shaker set at a speed of 170 RPM for up to one week.
Water movement remained at a velocity of approximately 0.534 m s-1, which was high enough to
prevent larvae from attaching, settling, or metamorphosing on the sides of the jar but did not
harm or destroy the larvae. Larvae that metamorphosed in the water column were removed.
Water was changed completely daily to maintain adequate water quality and salinity.
Ten larvae from different batches2 of each age class were then introduced into the jars
containing a non-conditioned settlement tile and the cue: filtered seawater as a negative control,
crustose coralline algae as a positive control3, adult corals as an expected positive settlement cue,
and macroalgae (Dictyota spp.) as an expected inhibitor to settlement (Figure 2). The filtered
seawater (FSW) used was previously filtered through physical, mechanical, and biological
processes. Approximately 22.75 cm2 of CCA was scraped off rubble collected from the Layer
Cakes coral nursery in Broward County, Florida (managed by Dr. Dave Gilliam; 26 8.985’ N,
80 5.810’ W), and mixed with FSW to create a pink solution with fine powder. Adult-treated
seawater (“adult”) consisted of seawater collected from the adult A. agaricites in polystyrene
bowls in the outdoor aquaria system at Nova Southeastern University’s Ocean Campus.
Macroalgae-treated seawater (“algae”) was created by keeping Dictyota spp. (from the same
collection sites as adult A. agaricites) in a 500-L Nalgene tank equipped with an air bubbler,
circulation pumps, and lights. Fifty percent and 100 percent water changes were alternately
2

Batch 1 and 2 contained larvae released on May 14, and Batch 3 contained larvae released on May 15. On day 1,
batches of larvae released on the same day were combined to create one pool of larvae, from which larvae were
randomly selected and distributed among treatments. Remaining larvae not used in a treatment were randomly
distributed once again to create batches to be used the following day. This process was repeated until day 7.
3
An initial experiment testing settlement success when exposed to FSW or CCA demonstrated a stronger preference
for newly-released larvae to settle on CCA.
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performed each day for the macroalgae. Each treatment jar was placed in a water bath equipped
with a heater set to 26C and lights with an irradiance of 15 µmol photons m-2s-1. Each treatment
(larval age x settlement cue) had 6 replicates4. Settlement success was assessed as described
above.

Figure 2. Schematic diagram of the Desperate Larva Hypothesis experiment. Icons left to right for each of the four
duration experiments are adult, macroalgae, and CCA. No cue refers to the filtered seawater control.

Data Analysis
To determine the effects of different factors on percents of larvae settled,
metamorphosed, swimming, and expired, the following analyses were carried out: One-Way
ANOVAs were used to determine the effects of temperature; a Kruskal-Wallis test was used
when parametric assumptions of the ANOVA were not met. Two-tailed t-tests were used to
determine the effect of water movement; if parametric assumptions were not met, a MannWhitney Wilcoxon test was used. Factorial ANOVAs were used to assess the effects of larval
age and settlement cue; when data did not meet parametric assumptions the levels of both factors
(4 each) were combined to form 16 treatments and compared using a Kruskal-Wallis test. If any

4

Replicates 1-5 for all treatments used larvae from Batch 1 and 2, and the 6 th replicate used larvae from Batch 3.
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of the factors or their interactions were found to significantly affect settlement, the effect of
settlement cues for each larval age, and the effect of larval age for each settlement cue on percent
metamorphosed larvae were compared using One-Way ANOVAs (or Kruskal-Wallis if not
parametric). If significant, a Tukey’s or corresponding non-parametric post-hoc multiple
comparisons test was conducted to compare between treatments. All statistical analyses were
performed in statistical software R (version 3.4.3; R Core Team).

Results

Temperature
Temperature had no significant effect on percent larvae settled (χ2 = 4.2682, df = 2, p =
0.1184; Figure 3) or metamorphosed (F(2,13) = 1.852, p = 0.1955; Figure 4). However,
temperature significantly affected the percent of larvae swimming (χ2= 7.6109, df = 2, p = 2.225
x 10-2; Figure 5) and expired (χ2 = 14.41, df = 2, p = 7.427 x 10-4); Figure 6). An inverse
relationship appeared between temperature and swimming larvae; as temperature increased, the
percent of larvae swimming decreased. Ambient temperature (26°C) exhibited the highest
number of larvae swimming, while the highest temperature (32°C) showed the lowest number of
larvae swimming. The opposite trend occurred for expired larvae: as temperature rose from
ambient to 32°C, the percent of expired larvae also increased.
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Figure 3. Effects of temperature on percent larvae settled after 24-hour exposure to inducive cue of crustose
coralline algae.
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Figure 4. Effects of temperature on percent larvae metamorphosed after 24-hour exposure to inducive cue of
crustose coralline algae.
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Figure 5. Effects of temperature on percent swimming after 24-hour exposure to inducive cue of crustose
coralline algae.
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Figure 6. Effects of temperature on percent expired after 24-hour exposure to inducive cue of crustose
coralline algae.

Water Movement
Water movement had no significant effect on the percent of larvae settled (W = 22.5, p =
0.476; Figure 7), percent larvae metamorphosed (W = 14.5, p = 0.6267; Figure 8), percent larvae
swimming (t = -0.75191, df = 9.6973, p = 0.47; Figure 9), or percent larvae expired (W = 21, p =
0.4047; Figure 10).
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Movin
g

Still

Figure 7. Effects of movement on percent larvae settled after 24-hour exposure to inducive cue of crustose
coralline algae.
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Moving
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Figure 8. Effects of movement on percent larvae metamorphosed after 24-hour exposure to inducive cue of crustose
coralline algae.
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Moving
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Figure 9. Effects of movement on percent larvae swimming after 24-hour exposure to inducive cue of crustose
coralline algae.
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Still

Moving

Figure 10. Effects of movement on percent expired after 24-hour exposure to inducive cue of crustose
coralline algae.

Desperate Larva Hypothesis
When exposed to the different settlement cues, larval age significantly affected the
percent of larvae that settled (χ2 = 46.944, df = 15, p = 3.759 x 10-5; Figure 11), metamorphosed
(χ2 = 60.884, df = 15, p = 1.776 x 10-7; Figure 12), and were swimming (χ2 = 67.267, df = 15, p =
1.364 x 10-8; Figure 13). Larval age and cue exposure were initially found to have a significant
effect on the percent of expired larvae (χ2 = 42.67, df = 15, p = 1.772 x 10-4; Figure 14).
However, a post-hoc comparisons test did not identify significant differences among treatments.
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Figure 11. Percent of Agaricia agaricites larvae settled following 24-hour exposure to adult-treated water (“adult”),
Dictyota-treated water (“algae”), crustose coralline algae (“CCA”), and filtered seawater (“FSW”) for 0, 1, 3, and 7
days post-release.
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Figure 12. Percent of Agaricia agaricites larvae metamorphosed following 24-hour exposure to adult-treated water
(“adult”), Dictyota-treated water (“algae”), crustose coralline algae (“CCA”), and filtered seawater (“FSW”) for
0, 1, 3, and 7 days post-release.
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Figure 13. Percent of Agaricia agaricites larvae swimming following 24-hour exposure to adult-treated water
(“adult”), Dictyota-treated water (“algae”), crustose coralline algae (“CCA”), and filtered seawater (“FSW”) for 0,
1, 3, and 7 days post-release.

23

Figure 14. Percent of Agaricia agaricites larvae expired following 24-hour exposure to adult-treated water
(“adult”), Dictyota-treated water (“algae”), crustose coralline algae (“CCA”), and filtered seawater (“FSW”) for
0, 1, 3, and 7 days post-release.
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Settlement Cue
Crustose coralline algae induced the highest percentage of metamorphosis in newlyreleased larvae, and the lowest in 7-day old larvae (χ2 = 11.049, df = 3, p = 1.147 x 10-2; Figure
12). A negative correlation appeared between CCA and larval age: with this cue, the percentage
of metamorphosed larvae decreased with increasing age. When exposed to adult-treated water,
larval age significantly corresponded with increased metamorphosis (χ2 = 8.7292, df = 3, p =
3.312 x 10-2); 7-day old larvae had the highest percentage of metamorphosis, and newly-released
larvae the lowest. Macroalgae-treated water induced different levels of metamorphosis by age
(F(3,21) = 3.2538 , p = 2.826 x 10-2); however, a post-hoc comparisons test did not identify
significance among larval ages. When exposed to filtered seawater, the percentage of
metamorphosed larvae increased significantly with age, with newly-released larvae exhibiting
the lowest percentage (F(3,21) = 6.7732, p = 2.27 x 10-3).

Larval Age
In newly-released and 1-day old larvae, CCA induced significantly higher percentages of
metamorphosis than adult- and macroalgae-treated water, and FSW exposures (0 d: χ2 = 15.699,
df = 3, p = 1.307 x 10-3; Figure 15; 1 d: χ2= 15.083, df = 3, p = 1.747 x 10-3; Figure 16). As
larvae aged, their cue preference began to change. In 3-day old larvae, CCA and macroalgae
induced the highest metamorphosis (χ2 = 15.083, df = 3, p = 1.747 x 10-3; Figure 17), and by 7
days post-release, settlement cue had no significant effect on metamorphosis (χ2 = 4.2625, df = 3,
p = 0.2345; Figure 18), indicating that at the oldest age larvae were equally likely to
metamorphose when exposed to FSW, CCA, adult- and macroalgae-treated water.
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Figure 15. Effects of filtered seawater (“FSW”), adult-treated water (“adult”), Dictyota-treated water (“algae”),
and crustose coralline algae (“CCA”) on mean percent settled and metamorphosed larvae at 0 days old.
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Figure 16. Effects of filtered seawater (“FSW”), adult-treated water (“adult”), Dictyota-treated water (“algae”),
and crustose coralline algae (“CCA”) on mean percent settled and metamorphosed larvae at 1 day old.
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Figure 17. Effects of filtered seawater (“FSW”), adult-treated water (“adult”), Dictyota-treated water (“algae”),
Settlement
Cue
and crustose coralline algae (“CCA”) on mean
percent settled
and metamorphosed larvae at 3 days old.

7-Day Old A. agaricites Larvae

Newly-Released A. agaricites Larvae

100

100

60 80

mean % of larvae

mean % of larvae

80

Series1

40 60

Series2

Settled

20 40

Metamorphosed
0 20
FSW

adult

algae

CCA

Settlement Cue
FSW seawater (“FSW”),
adultadult-treated water
algae(“adult”), Dictyota-treated
CCA
Figure 18. Effects of filtered
water (“algae”),
0

and crustose coralline algae (“CCA”) on mean percent settled and metamorphosed larvae at 7 days old.
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Discussion
The newly-released larvae of Agaricia agaricites display a much higher percent
settlement and metamorphosis when exposed to crustose coralline algae than to the other
experimental cues and control. However, as they aged, larvae became less discriminatory and
started settling in response to other initially non-preferred cues or even in the absence of cues. At
the oldest age tested (7 days), larvae showed no settlement cue preference, with similar
metamorphosis rates when exposed to an inducive or inhibitory cue, confirming the Desperate
Larva Hypothesis with a coral species. Temperatures associated with the predicted ocean
warming temperatures for 2050 and 2100 significantly reduced the capacity of larvae to survive
and search for settlement substrate. Water movement did not affect settlement and can be used to
delay larval settlement without cue exposure; larvae subject to moving water survived in the
water column for seven days and retained the ability to settle and metamorphose. After eight
days larvae experienced high mortality, which may indicate the end of this species’ competency
period.

The high percentage of metamorphosis induced by crustose coralline algae in newlyreleased Agaricia larvae further confirms the key role of CCA as settlement substrate for a
variety of coral and other marine invertebrates. Larval discernment between sites with positive
settlement cues rather than those with inhibitory ones such as macroalgae, a known competitor
for space, could maximize the chances of settling in a location that will favor their survival and
growth as a juvenile. Poritid and pocilloporid larvae change their settlement preferences in
response to space availability (Elmer et al. 2018), with increased avoidance behaviors in Porites
astreoides larvae when exposed to the macroalgae Lyngbya spp., Dictyota spp., Lobophora
variegata, and Chondrophycus poiteaui (Kuffner et al. 2006). Contrary to the hypothesis of adult
corals as an expected positive settlement cue, newly-released Agaricia larvae did not exhibit high
metamorphosis when exposed to adult-treated seawater. It is possible that adult colonies were
inhabited by organisms emitting inhibitory chemical compounds, or that this species is not
gregarious, and the ‘presence’ of conspecifics were perceived as competitors. Because
competition for space directly affects coral survival, behavioral changes during the larval stage in
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response to environmental cues indicative of substrate availability and quality are important in
determining the post-settlement performance of the recruit.
Settlement cues that inhibited the settlement and metamorphosis of newly-released larvae
became favorable to older larvae and induced similar percentages of metamorphosis as in the
younger larvae, suggesting that recruitment to poor-quality substrates may not be impaired, at
least for this species. With increasing age, more Agaricia larvae began to actively search the
benthos and attach to substrate, even if it was not initially preferred, as seen with larvae exposed
to macroalgae. A transition occurs as larvae age, with younger larvae temporarily attaching to
substrates despite inhibitory cues, to older larvae, which, in their “desperation,” permanently
attach to these substrates or even to substrates with no cue, such as under the filtered seawater
control. These oldest “desperate” larvae likely had reached the end of their competency, forcing
them to metamorphose before they depleted their energy reserves for successful settlement.
Experimentation ended on day eight, because the larval batches experienced high natural
mortality. Older larvae increased settlement in the presence of the previously-less-preferred cue
of macroalgae (Dictyota), which Gribben and Steinberg (2006) also found when delaying
settlement of non-feeding larvae of the bryozoans Watersipora subtorquata and Bugula neritina.
The decreased discrimination of older Agaricia larvae and their successful metamorphosis after
an extended time in the water column suggests recruitment may not be compromised after all.
The ability of larvae to delay settlement could potentially lead to greater dispersal distances,
increasing chances of connectivity between distant coral populations.

This study with Agaricia indicates that, even as coral habitat degrades, it still may be
possible for corals to recruit to unhealthy reefs. These results disagree with Dixson et al.’s (2014)
finding that negative cues deterred coral larvae from exploring the benthos in non-MPAs
associated with strong chemical cues from macroalgae, and their implications that recruitment to
degraded reefs is not possible. On the contrary, the results from this study suggest that while
newly-released larvae may not initially settle in degraded habitats, as they become old and given
no other choice, they can settle in these degraded habitats, and thus potentially contribute to their
recovery. The influence of larval age on behavioral responses to settlement cues should be taken
into consideration when drawing conclusions about recruitment on suboptimal substrates.
However, despite the need for recruitment to degraded reefs, corals that settle at these sites may
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suffer consequences; less discriminatory larvae present concerns for the long-term survival and
growth of the recruited population. Corals of several species, which derive from larvae that
selected sites with poor conditions, such as areas with high macroalgal cover, have exhibited
decreased growth (Lirman 2001; Hoey et al. 2011; Clements et al. 2018) and increased mortality
(Box and Mumby 2007; Vermeij et al. 2009; Webster et al. 2015; Johns et al. 2018). In addition
to the direct effects of poor site selection on post-settlement survival, the dispersal costs
associated with delaying settlement pose consequences for the recruit. Wendt (1998) reported
reduced growth and fecundity in the bryozoan Bugula neritina following a prolonged swimming
stage, and Maldonado and Young (1999) documented decreased growth and survival, and
increased instances of deformities in longer-lived larvae of the demosponge Sigmadocia caerula.
An extended larval period potentially affects both the short-term and long-term ability of the
recruit to survive to reproductive age, therefore influencing the persistence of a population.

Although temperature had no effect on larval settlement or metamorphosis, elevated
temperatures increased mortality and reduced the number of actively swimming larvae. Low
survival in the higher temperatures could likely be attributed to thermal stress, leading to lysis of
the planula’s cellular membrane (Lesser et al. 2004). As in the current study, Ross et al. (2013)
found no effect of elevated temperature on settlement and metamorphosis of Porites astreoides
larvae, but larvae exposed to elevated temperatures exhibited significant reductions in postsettlement survival compared to those raised under control conditions. The observed inverse
relationship between temperature and swimming activity demonstrated the inability of larvae to
explore potential settlement sites under hypothesized future warmer ocean conditions. Despite
equal recruitment among temperatures after 24 hours, more larvae were alive in the control
temperature and could potentially settle later. Warmer temperatures resulted in higher mortality
and therefore less larvae available to settle, indicating reduced recruitment in elevated
temperatures. Temperature accelerates the metabolism (Brockington and Clarke 2001; Sokolova
and Pörtner 2003) and development of larvae (Woolsey 2012) of corals and other marine
invertebrates, reducing the pre-competency period of larvae, thereby limiting dispersal to distant
sites and reducing connectivity (Figueiredo et al. 2014). As ocean temperatures continue to
increase, it is important to understand how these higher temperatures will directly and indirectly
affect pre-settlement and post-settlement processes, and survival of corals.
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Water movement did not affect larval settlement or metamorphosis in Agaricia larvae,
indicating it is not an inducing settlement cue for this particular species. However, this may
prove different in broadcast spawning species, in which larval development occurs in the
plankton and the larvae tend to be positively buoyant. Once they reach competency, it is believed
that passing over an area with high water movement indicates reef structure on the benthos and
triggers the larvae to swim downwards (JC Figueiredo 2019, personal communication, 13 July).
However, the species used in this experiment produced competent and negatively buoyant larvae,
so it may not be necessary for the larvae to respond to water movement, which could explain
why water movement did not enhance settlement. An unintended finding from this experiment is
that water movement could be a potentially useful technique for maintaining coral larvae for
experimentation. In the laboratory, coral larvae, particularly those produced by external
fertilization, are generally reared in water baths until they complete larval development and reach
competency. However, larval batches of Agaricia appeared to have survived longer in moving
water than in the still water method previously used in delayed settlement experiments with other
coral larvae (SL King 2019, personal communication, 8 July). Moving water has a higher oxygen
capacity than still water (Boyd 1998), thus potentially improving rearing conditions for coral
larvae. Maintaining larvae in a moving water column might improve survival rates when rearing
coral larvae ex situ for restoration and aquaculture purposes.

Despite natural and anthropogenic disturbances along the Southeast Florida Reef Tract,
Agaricia agaricites has been increasing its cover, which could be attributed to its brooding and
‘weedy’ nature (Jones et al. 2016; Walton et al. 2018). Conversely, it is possible that the
behaviors associated with the Desperate Larva Hypothesis contributes to the abundance of
‘weedy’ species such as Agaricia agaricites and Porites astreoides in Caribbean regions. The
ability of larvae to delay settlement and to recruit in poor-quality habitats could potentially lead
to greater dispersal distances, increasing chances of connectivity between distant populations.
However, it is unclear whether larvae of other species will exhibit similar behaviors in response
to changes in habitat quality, especially species considered non-‘weedy’ because of their low
fecundity and recruitment, and higher susceptibility to disease.

31

Future studies should investigate habitat degradation and the Desperate Larva Hypothesis
with larvae of other coral species, particularly endangered reef-builders such as Acropora and
Orbicella, which have longer pre-competency periods and may be more discriminatory about
habitat selection. Studies of the specific responses of coral species to changes in habitat quality,
particularly during the understudied larval stage, are needed to inform effective management
practices and regulations for coral reef ecosystems. Efforts to increased recruitment at damaged
reefs may help to ensure the ability of corals to successfully recover following natural or
anthropogenic disturbances.
Conclusions
This study demonstrates the ability of Agaricia agaricites larvae to delay settlement and
successfully metamorphose up to seven days in a moving water column. Older larvae became
less discriminatory towards settlement cues and even settled in poor-quality habitat, which may
explain high recruitment and abundance of weedier taxa such as species of Agaricia and Porites.
However, the degradation of reef habitat has serious implications for slow-growing, long-lived,
structurally complex species such as Acropora and Orbicella, which have larvae with more
discriminatory settlement preferences. Changes in habitat quality and corresponding larval
response must continue to be studied to increase recruitment at damaged reefs and to preserve
current coral populations.
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